Objective: We investigated the associations of morning and evening salivary cortisol levels with regional brain volumes and cognitive functioning in community-dwelling older persons without dementia.
With increasing age, the prevalence of dementia, including Alzheimer disease (AD), increases exponentially. 1 At older age, depressive symptoms are also common, 2 often persist over years, 3 and are frequently comorbid with cognitive impairment and dementia. 4, 5 Prospective studies indicate that depression may also increase the risk of future dementia. 6, 7 Still, the neurobiologic substrate of the relation between depression and AD remains poorly understood. Several studies have found structural brain abnormalities to be associated with late-life depression, including hippocampal volume reduction. 8, 9 Also, it has often been hypothesized that persistently high cortisol levels, often observed in depression, 10 have neurotoxic effects on the hippocampus. 6 Because the hypothalamic-pituitary-adrenal (HPA) axis is inhibited by the hippocampus, 11 a cascade would occur in which age-associated hippocampal atrophy would lead to diminished ability to inhibit cortisol and, in turn, further atrophy of the hippocampus, 12 eventually leading to development of clinical dementia. Functional changes of the HPA axis have been observed in late-life depression. 13 However, relatively few studies have examined the association between HPA axis activity and hippocampal volumes at older age and findings have been inconsistent, [14] [15] [16] [17] possibly because different measures of cortisol (e.g., saliva, urine) and different time points (e.g., morning, evening) were used. Also, because the hippocampus is involved in regulating the HPA axis 11 and the high expression of corticosteroid receptors in limbic areas, 18 the majority of studies have only focused on the hippocampus and not on other brain regions. However, corticosteroid receptors are expressed throughout the brain 18 and other brain regions may thus be affected. Further, morning and night levels may be differentially associated with brain volumes. 17 We aimed to determine the association between morning and evening salivary cortisol levels and regional brain volumes in a large cohort of older persons without dementia. We also investigated the relationship with cognitive functioning to determine the potential clinical relevance of observed differences in brain volume. METHODS Participants. Participants came from the Age, Gene/Environment Susceptibility (AGES)-Reykjavik Study, a single-center prospective population-based cohort study originating from the Reykjavik Study, as has been described elsewhere. 19 Standard protocol approvals, registrations, and patient consents. The AGES-Reykjavik Study was approved by the Icelandic National Bioethics Committee (VSN: 00-063), the Icelandic Data Protection Authority, and the Institutional Review Board for the National Institute on Aging, NIH, USA. Written informed consent was obtained from all participants.
MRI protocol. The MRI protocol has been described elsewhere. 20 All participants without contraindications were eligible for brain MRI scan on a study-dedicated 1.5T matrix 256 3 256). The FLAIR, proton density/T2, and T2* sequences were acquired with 3-mm-thick interleaved slices. All images were acquired to give full brain coverage and slices were angled parallel to the anterior commissure-posterior commissure line.
Brain volumes, white matter lesions, and infarcts. Regional brain volumes and CSF were segmented fully automatically with a modified algorithm as described previously. 20 The pipeline is based on a multispectral tissue segmentation method that estimated volumes for 4 tissue classes: gray and white matter regions, white matter lesions (WML), and CSF. Gray matter, normal white matter, and WML volumes were summed to obtain total brain volume, and total brain volume and total CSF volume were summed to obtain total intracranial volume (ICV). Total brain volume was divided by ICV to obtain brain parenchymal fraction. Regional brain volumes were based on an anatomical and a regional probabilistic atlas, and were created from 314 participants of the AGES-Reykjavik Study. 20 Infarct-like lesions in subcortical regions were defined as parenchymal defects not spreading into the cortex surrounded by an area of high signal intensity on FLAIR images and a diameter of $3 mm. Infarctlike lesions in the cortex or cerebellum did not have size criteria. 21 For the analyses, we calculated Z scores of brain region volumes.
Cortisol levels. Saliva samples were collected with the Salivette device (Sarstedt, Rommelsdorf, Germany). Participants were instructed to take the first sample the evening before the clinic visit, prior to going to sleep. The second sample was to be taken in the morning 45 minutes after awaking. Participants were instructed not to brush their teeth before saliva sampling, to allow at least 30 minutes to pass after eating or drinking before taking the evening sample, and to refrain from eating and drinking until after the morning sample was taken. Salivary cortisol was analyzed with a time-resolved immunoassay with fluorescence detection (Delfia; PerkinElmer, Waltham, MA) as described previously. 22 Intraassay and interassay variability were ,10% and 12%, respectively. The lower detection limit was 0.43 nmol/L for a 50-mL salivary sample. Morning or evening cortisol values .100 nmol/L were considered unreliable 23 and excluded (0.7% of morning samples and 0.5% of evening samples).
Assessment of dementia. Dementia ascertainment was a 3-step protocol and has been described elsewhere. 19, 21 In brief, all participants underwent the Mini-Mental State Examination (MMSE) and the Digit Symbol Substitution test (DSST). Participants with MMSE ,24 or DSST ,18 had a diagnostic battery of neuropsychological tests and those with positive screen results on these tests were examined by a neurologist. Also, a proxy interview was administered regarding medical history, social, cognitive, and daily functioning changes of the participant. A consensus diagnosis according to international guidelines was made by a multidisciplinary panel including a neurologist, geriatrician, neuroradiologist, and neuropsychologist.
Cognition. A battery of 6 different cognitive tests was administered
to all participants 24 and 3 cognitive domain scores were calculated: (1) memory composite score, which included immediate and delayed recall of a modified version of the California Verbal Learning Test; (2) processing speed composite score, which included the Stroop 1 and 2, the DSST, and the Figure Comparison Test; (3) executive function composite score, which included the Cambridge Neuropsychological Test Automated Battery Spatial Working Memory test (short version), the Digits Backward test, and Stroop 3. We computed composite measures by averaging the standardized Z scores across the tests in each domain.
Covariates. Covariates assessed via questionnaires included age, sex, educational level (categorized into primary, secondary, and college/university education) being currently employed, having sleeping problems (early awakening or difficulty falling asleep), smoking history (current vs nonsmoker), alcohol intake (g/wk), physical activity (moderate/high vs never/rarely/occasionally in the past 12 months), and body mass index (BMI) (in kg/m 2 ). Systolic and diastolic blood pressure was measured with a standard mercury sphygmomanometer. Diabetes mellitus was defined as use of blood glucose-lowering drugs or fasting blood glucose level $7.0 mmol/L or self-reported history of diabetes. Steroid use included glucocorticoids, inhaled steroids, and oral steroids as determined from medication bottles brought to the clinic. Depressive symptoms were assessed with the 15-item Geriatric Depression Scale 25 and the Mini International Neuropsychiatric Interview was used to assess lifetime history of major depressive disorder (current and past). 9, 26 Study sample. We had 4,244 persons for analysis. Of the initial 5,764 persons, 4,811 had brain MRI; 953 had missing MRI scans because of claustrophobia or refusal (n 5 227), contraindications (n 5 290), machine maintenance (n 5 54), home visits (n 5 382), and postprocessing failures (n 5 59). Of the remaining 4,614 persons, those with dementia were excluded (n 5 260) and 110 persons had missing morning and evening cortisol level.
Data analysis. We used multiple imputation (AregImpute) (10 datasets) to deal with missing values (missingness of variables used in the analyses ranged from 0% to 9.3%) in the 4,244 persons (R version 2.13.1). We analyzed data with PASW version 20.0 (Chicago, IL) and SAS version 9.3 (SAS Institute, Cary, NC).
We used linear regression analyses and analysis of covariance to estimate associations of evening and morning cortisol (in tertiles) with brain tissue volumes and cognitive domain scores, respectively. We adjusted the analyses with evening cortisol for age, sex, education, smoking, steroid use, and when brain volume was the dependent variable for ICV, white matter lesion volume (natural log transformed), and brain infarcts (model 1). Analyses for morning cortisol were also adjusted for being currently employed and sleeping problems (model 1). In model 2, we also adjusted for systolic and diastolic blood pressure, BMI, diabetes mellitus, physical activity, alcohol intake, and depressive symptoms. We repeated the analyses after excluding persons who used steroids (n 5 294), with mild cognitive impairment (n 5 430), and with a lifetime diagnosis of major depressive disorder (n 5 187), adjusting for covariates in model 1.
To examine whether specific brain tissue regions were significantly more affected than others, we identified, from visual inspection of graphs and tables, brain tissue regions that were potentially differentially affected by cortisol levels. These regions were entered into multilevel (mixed) regression models as correlated outcomes, adjusting for covariates used in model 1.
RESULTS
In the 4,244 participants, the mean morning cortisol level was 20 nmol/L (SD 13.5) and the median (10th-90th percentile) evening cortisol level was 2.3 nmol/L (0.9-6.9). Table 1 presents Table 1 Characteristics of the study population according to tertiles of evening cortisol the baseline characteristics across tertiles of evening cortisol (for morning cortisol, see table e-1 on the Neurology ® Web site at Neurology.org).
Evening cortisol. Higher evening cortisol levels were significantly associated with smaller total and regional brain volumes ( figure 1 ; table e-2). The mean adjusted difference in total brain volume between the middle vs lowest tertile of evening cortisol was 24.6 mL (95% confidence interval [CI] 28.2 to 20.9 mL) and for the highest vs lowest tertile 216.0 mL (95% CI 219.7 to 212.2 mL) (model 1). After additional adjustment for BMI, systolic and diastolic blood pressure, diabetes mellitus, physical activity, alcohol intake, and depressive symptom score, the associations attenuated but remained statistically significant (middle vs lowest tertile: 23.7 mL; 95% CI 27.3 to 20.11 mL; highest vs lower tertile: 213.8 mL; 95% CI 217.5 to 210.1 mL). All regional brain volumes, except for the striatum, were significantly smaller in the highest tertile of evening cortisol compared to the lowest tertile (figure 1, table e-2). Further, results from the multilevel models showed that gray matter was significantly (p , 0.001) more affected by higher evening cortisol levels than white matter. Results of the regression analyses with cognitive domains were consistent with those for brain volumes: with increasing levels of cortisol, cognitive functioning was poorer in all domains (figure 2; for estimates and 95% CI, see figure legend).
Morning cortisol. Morning cortisol was not associated with total brain volume. We observed a small but statistically significant difference between lower and higher morning cortisol levels in normal white matter volume (total white matter and white matter in the temporal, parietal, and occipital lobe), indicating that higher morning cortisol levels were associated with slightly less white matter volume reduction ( figure 3 ; table e-3). The gray matter regions were not associated with morning cortisol, except for frontal gray matter, where the highest tertile of morning cortisol was associated with slightly smaller frontal gray matter ( figure 3; table e-3) . The results of the multilevel models indicated that white matter was significantly (p 5 0.008) more affected by morning cortisol than gray matter. Results of the regression analyses with cognitive domains were in the same direction as the brain volumes: no significant association was found with memory, while higher morning cortisol levels were associated with better speed and executive functioning (figure 4; for estimates and 95% CI, see figure legend). Results did not materially change when persons who used steroids, with mild cognitive impairment, or with a lifetime diagnosis of major depressive disorder were excluded (data not shown).
Figure 1
Adjusted mean total and regional tissue volumes (z scores) according to tertiles of evening cortisol
Volumes are adjusted for intracranial volume, age, sex, educational level, current smoking status, any steroid use, white matter lesion volume (natural log transformed), and infarcts on MRI. *Significantly (p , 0.05) different from lowest tertile of evening cortisol. GM 5 gray matter; WM 5 white matter.
DISCUSSION
We found that higher levels of salivary evening cortisol were associated with smaller volume in multiple brain regions, significantly more in gray than in white matter, as well as with poorer cognitive performance in multiple domains. Morning cortisol levels were not associated with gray matter volume in the majority of regions studied or with memory performance, but they were associated with slightly larger volumes in several white matter regions as well as with better processing speed and executive functioning.
To date, most of the studies that investigated the relation between hippocampal volume and HPA axis activity were performed in (younger) adults. Some studies reported more hippocampal atrophy with higher cortisol, [27] [28] [29] while others reported no association. 14, 15, 30 The largest study in older persons published to date reported that increased evening cortisol levels and increased awakening levels after dexamethasone were associated with reduced volume of the hippocampus, while the cortisol awakening response was not associated with hippocampal volume. 17 Although we did not have data on awakening levels after dexamethasone, our findings are consistent with that study but also extend those findings, because we report more widespread gray matter involvement. Moreover, we observed differential gray and normal white matter involvement, where higher evening cortisol levels were more strongly associated with gray than white matter volume reduction, and higher morning cortisol levels were associated with larger white but not gray matter volumes. Interpretation of this differential association is not clear-cut, one reason being that no other study reported on gray-white matter differences.
Interestingly, the results for cognitive functioning were in the same direction as for the brain volumes: higher evening cortisol levels were associated with poorer cognitive performance, while higher morning cortisol levels were associated with better cognitive performance. Furthermore, evening cortisol levels were associated with poorer performance across all cognitive domains, consistent with the diffuse and widespread volume reductions in gray and white matter, while morning cortisol was more selectively associated with speed and executive functioning.
Since this was a cross-sectional study, we do not know what came first: HPA axis dysregulation or brain volume reduction. Possibly, as has often been hypothesized, our findings reflect a cascade in which age-associated brain volume reductions lead to diminished ability to inhibit cortisol and, in turn, further brain atrophy. 12 Biological evidence exists that corticosteroid receptors in the brain inhibit the HPA axis and that depletion of these receptors results in hypersecretion of glucocorticoids. 31 With aging, brain volume reduction will thus lead to reduction in corticosteroid receptors. Although it has been suggested that the hippocampal glucocorticoid receptors are most vulnerable to this downregulation, 31 glucocorticoid receptors are expressed not only in the hippocampus but throughout the brain 18 and our data suggest that this phenomenon is not specific to the hippocampus but is more diffuse throughout the gray matter. The stronger relationship with gray matter than white matter may be consistent with this because gray matter volume loss starts at an earlier age and progresses more rapidly than white matter volume loss. 32 Alternatively, HPA axis dysregulation may have come first. Indirect evidence for this originates from studies that found that cumulative physiologic wear and tear or allostatic load increases risk of cognitive decline. 33, 34 It is also possible that HPA axis dysregulation resulted from repeated depressive episodes earlier in life 10 which, in turn, led to brain volume reduction and poorer cognitive performance. However, our results were similar after excluding participants with a lifetime diagnosis of major depressive disorder, making this explanation less likely. With respect to the morning cortisol levels, severe life events are associated with relative hypersecretion if the stress occurred recently, whereas relative hyposecretion of morning cortisol has been observed with longer passing of the stressor. 35 If our findings were Adjusted mean cognitive domain z scores according to tertiles of evening cortisol 
Figure 3
Adjusted mean total and regional tissue volumes (z scores) according to tertiles of morning cortisol
Volumes are adjusted for intracranial volume, age, sex, educational level, current smoking status, any steroid use, sleeping problems, being currently employed, white matter lesion volume (natural log transformed), and infarcts on MRI. *Significantly (p , 0.05) different from lowest tertile of morning cortisol. GM 5 gray matter; WM 5 white matter.
Figure 4
Adjusted mean cognitive domain z scores according to tertiles of morning cortisol explained by accumulation of chronic stress before the brain atrophy progressed, one would expect to find a relationship between low cortisol levels in the morning and brain atrophy. Although we did find that lower levels of morning cortisol were significantly associated with more white matter reduction, the effect estimates were very small, and the relevance of this finding is uncertain. Clearly, to determine the direction of association, prospective studies are needed that integrate measures of chronic stress, HPA axis activity, and brain volumes.
A second limitation is that cortisol was assessed during one day. To reduce measurement error, it has been recommended to sample saliva over several days, 36 but increasing the sample size, as we did in our cohort, will also improve reliability, and may thus have balanced this. Third, because we had only 1 morning sample, the awakening response could not be determined. The mean levels were, however, remarkably similar to those reported in other studies, 17, 37, 38 and the single morning measurement itself is thus likely to be reliable.
Strengths of this study are the population-based design, the large sample size, the exclusion of participants with dementia, and the adjustment for potential confounders. Second, the measures of several brain regions and the saliva sampling in the morning as well as in the evening allowed us to examine differential associations between HPA axis activity and brain volumes. Third, the inclusion of measures of cognitive functioning allowed us to examine whether the associations with MRI measures were also reflected in functioning. The combination of these factors makes this study unique.
In older persons, evening and morning cortisol levels may be differentially associated with volume reductions in gray and white matter and cognitive functioning. Understanding these differential associations may aid in developing strategies to reduce the effects of HPA axis dysfunction on late-life cognitive impairment.
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